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ABSTRACT 
 
Lithium-ion batteries can fail and catch fire when overcharged, exposed to 
high temperatures or short-circuited due to the highly flammable organic liquid 
used in the electrolyte. Using inorganic solid electrolyte materials can potentially 
improve the safety factor. Additionally, nanostructured electrolyte materials may 
further enhanced performance by taking advantage of their large aspect ratio. In 
this work, the synthesis of two promising nanostructured solid electrolyte 
materials was explored. Amorphous lithium niobate nanowires were synthesized 
through the decomposition of a niobium-containing complex in a structure-
directing solvent using a reflux method. Lithium lanthanum titanate was obtained 
via solid state reaction with titanium oxide nanowires as the titanium precursor, 
but the nanowire morphology could not be preserved due to high temperature 
sintering. Hyperbranched potassium lanthanum titanate was synthesized through 
hydrothermal route. This was the first time that hyperbranched nanowires with 
perovskite structure were made without any catalyst or substrate. This result has 
the potential to be applied to other perovskite materials. 
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1. Introduction 
 Energy can be stored in many forms, such as mechanical, chemical, 
thermal, nuclear, etc. In the modern society, however, chemically stored energy 
enjoys the highest popularity. This is mainly due to the rapid increase in the 
demand for personal electronic devices, as well as hybrid and fully electric 
vehicles. One thing that these applications have in common is that they use 
batteries as their primary, if not the only, energy storage and power supply. 
Generally speaking, a battery is a device that consists of one or more cells that 
convert chemical energy into electrical energy. If an external circuit is connected 
to the battery, this electrical energy can be carried by electrons which then flow 
from the negative electrode to the positive electrode and do work. The converting 
process is essentially an oxidation-reduction (redox) reaction, in which the anode 
material is oxidized, giving away electrons, and the cathode material accepts these 
electrons and becomes reduced. Batteries are categorized into primary batteries 
and secondary batteries. Primary batteries are of single-use and will become 
useless when the stored energy is depleted. Secondary batteries are also called 
rechargeable batteries, which means their charged state can be restored. This is 
done by applying an electrical current through the battery and the redox reaction 
is reversed. 
1.1. Lithium-ion Batteries 
 Lithium is the lightest metal and the strongest reductant; therefore it is an 
ideal material for batteries. In 1976, Whittingham reported the intercalation 
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chemistry of lithium into a layered compound (TiS2) and conceived a new type of 
high energy density reversible battery
1
, which laid the very foundation for 
lithium-ion batteries. In 1991, Sony released the first commercial lithium-ion 
battery
2
 and nowadays it has become the prevailing battery type on the market. 
Modern lithium-ion batteries use graphite as the anode and lithium transition 
metal oxides as the cathode. The electrolyte of a typical commercial battery is a 
mixture of LiPF6 and organic solvents, e.g. ethylene carbonate (C3H4O3) and 
diethyl carbonate (C5H10O3). An ionically conducting but electronically insulating 
separator is placed in the electrolyte between the anode and cathode. The purpose 
of this separator is to prevent short circuits caused by electric contact of the two 
electrodes, while allowing ions to pass through
3
. The separator is a key 
component in a battery and it usually accounts for a considerable amount (~25%) 
of the total cost
4
. 
 Because of its light weight and high energy density, lithium-ion batteries 
are widely used in both portable and stationary applications. For example, most 
consumer electronic devices today, such as cell phones, laptop computers, 
personal medical devices, etc., are powered by lithium-ion batteries. Modern 
electric and hybrid vehicles also utilize lithium-ion batteries as their primary 
source of energy. Despite the fact that the lithium-ion battery has so many 
advantages and applications, some inherent safety problems associated with the 
current design and material usage have already caused a series of accidents since 
the mid-2000s. The organic electrolyte solvents have flashpoints lower than 30 °C 
and are highly flammable
5,6
. When the battery is damaged, overcharged or short-
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circuited, the organic electrolyte can catch fire or even explode. According to the 
U.S. Consumer Product Safety Commission, almost all major companies, 
especially Dell and HP, have recalled millions of laptop computer batteries due to 
fire and burn hazard. In November 2011, a Chevrolet Volt hybrid electric car 
caught fire in storage more than three weeks after a government crash test, during 
which the car’s battery was damaged7. On April 3 of this year, a laptop caught fire 
in a TA’s bag in the Engineering Research Center building at Arizona State 
University, due to overcharging of the computer’s battery. The fire caused some 
smoke and triggered one sprinkler to go off. There was no fire damage, but 
unfortunately, the sprinkler system did not shut off and water flooded the building 
from the 4
th
 floor down. It took two weeks for the whole building to undergo 
recovery and a lot of labs and experiments were interrupted, including some 
works for this thesis. This “hands-on” experience of course added more 
motivation for this research project. 
1.2. Alternatives to liquid electrolyte 
 Reduced flammability can be achieved by adding flame retardant additives 
into the liquid electrolyte, but often as a trade-off, the performance is 
compromised
5
. Attempts have been made to design alternative non-aqueous 
electrolytes to replace liquid electrolytes, which include polymer electrolytes, gel 
electrolytes and inorganic electrolytes
8,9
. However, polymer and gel electrolytes 
may decrease the mechanical rigidity of battery; plus both cannot fully eliminate 
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the use of organic materials, as most polymers are not flame retardant and gel 
electrolytes are essentially polymer soaked with liquid electrolyte. 
 Inorganic solid electrolytes can have better mechanical and thermal 
stability over their organic counterparts
10
. Many of them are electronic insulators, 
meaning they may be able to completely eliminate the need for a separator, and 
hence lower the total costs of a battery. Also with the cations and anions forming 
a rigid framework, solid electrolytes can behave as single-ion conductors and 
have high transference number. Nevertheless, solid electrolyte materials are still 
facing many challenges, such as low conductivity at room temperature. Higher 
values can only be achieved at elevated temperatures
11
. For example, the ionic 
conductivity of solid electrolytes at room temperature is usually in the range of 
10
-6
 to 10
-3
 S/cm,
6
 while for the electrolyte of a typical lithium-ion battery, the 
number is about 10
-2
 S/cm.
12 
 Different types of materials can be used as solid electrolytes, including 
sulfides, oxides, phosphates, etc.
8
 The drawbacks of sulfides and phosphates, 
however, are their instability and complicates. In this thesis, we are particularly 
interested in two oxide materials: lithium niobate (LiNbO3) and lithium 
lanthanum titanate (LLTO). 
1.2.1. Lithium Niobate 
LiNbO3 is a material mostly known for its dielectric, piezoelectric, optical 
and other properties
13
.Although it is not a perfectly ideal candidate due to its 
incomplete electronic insulation and the instability of Nb
5+
 ion to Li metal, it is 
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interesting because the ionic conductivity of its amorphous phase at room 
temperature can reach 10
-4
 S/cm, which is a few orders of magnitude higher than 
that of its single crystalline phase
11
. 
1.2.2. Lithium Lanthanum Titanate 
LLTO has by far the highest ionic reported conductivity among all solid 
oxide electrolyte materials, which is more than 1×10
-3
 S/cm at room temperature
14
. 
Its chemical formula is often written as Li3xLa2/3-x□1/3-2xTiO3, where □ means 
vacancies. When x ≈ 0.1, i.e. the stoichiometry becomes Li0.33La0.56TiO3, its 
conductivity reaches the highest value. The conduction mechanism is considered 
to depend mainly on the concentration of A-site vacancies and the size of 
cations.
15
 Besides, it has been determined that the ionic conductivity is due 
entirely to the motion of Li
+
 ions, so the transference number is 1.0.
16
  
1.3. One-Dimensional Nanomaterials 
 Nanostructured materials have been attracting researchers’ attention for 
years. They have large surface areas and special properties due to small size. 
When substances reach tens of nanometers in size, their properties change 
because the behavior of individual atoms becomes predominant and many of their 
bulk properties, which are the average of such behavior of all atoms, will 
disappear. For instance, the nanoparticles of some materials show different colors 
to their bulk forms because quantum confinement comes into play. One-
dimensional (1D) nanostructures, e.g. nanowires, nanotubes and nanorods, are of 
particular interest to our research due to their prolonged axial length (high aspect 
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ratio). A pertinent example would be that researchers have made electrodes with 
different types of nanowires and nanoribbons and demonstrated significant 
improvement of performance
17-20
. These improved electrodes all took advantage 
of the unique properties of 1D nanomaterials. In regard to electrolytes, the lengths 
can serve as pathways for directed ionic transport over long distances, which can 
facilitate the conduction process. 
Nanocrystalline solid electrolyte materials have been shown to display 
higher ionic conductivities than their single crystalline forms. For example, CeO2 
is an excellent O
2-
 ion conductor used in solid oxide fuel cells. The grain 
boundary resistivity of nanocrystalline CeO2 is orders of magnitude lower than 
that of the bulk
21,22
. It is also known that the interfacial region between the 
amorphous phase and crystalline phase of an ionic conducting material can have 
higher conductivity than either phase
23
. If a nanostructured material can be 
manipulated into structures with dissimilar regions, such as core-shell structures, 
the large surface areas can effectively turn into interfacial areas, which may be 
exploited to improve the overall conductivity. Nanocrystalline LiNbO3 has 
comparable ionic conductivity to that of the amorphous phase
11,24
. Together with 
high conductivity in amorphous phase, these attributes make LiNbO3 a good 
candidate for core-shell structured materials. Therefore, if the high ionic 
conductivity of the two candidate materials and the high aspect ratio of 1D 
nanostructures can be merged and exploited, this combination has the potential to 
greatly promote battery performance and safety. 
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 This proposed project is aimed at establishing a fundamental 
understanding of the effects that 1D nanostructured morphology has on ionic 
conductivity for solid electrolyte materials used in lithium-ion batteries. So far 
there have been very few researches focusing on this field. In order to achieve this, 
we divide the project into four major tasks. Currently we are on task one, which is 
to synthesize nanowires capable for solid electrolytes via hydrothermal methods, 
solid state reaction and sol-gel chemistry. Amongst the three synthetic approaches, 
emphasis will be given to hydrothermal because it is a relatively straightforward 
method, usually without the need of catalysts or structure directing agents, plus 
the products are single crystalline
25
. Many groups have successfully synthesized 
various perovskite nanowires or nanostructures using this method
26-31
, but the 
exact growth mechanism can vary depending on the experimental conditions and 
the system of interest. It is proposed that nanowire growth using hydrothermal 
synthesis can occur through a series of processes including dissolution, 
aggregation, nucleation and growth, Ostwald ripening, etc. That is, precursors 
dissolve in the solution and form aggregates, in which nanowires nucleate and 
grow at the expense of smaller aggregate particles in order to reduce the total 
surface energy
28
. After the candidate materials have been made, we will proceed 
onto task two to carry out ionic conductivity measurements. Then cells will be 
fabricated as the third step on a lab scale and tested of their performance. For the 
fourth task, experimental data will be analyzed and modeling will be done to 
interpret the ionic transport behavior. 
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1.4. Characterization Techniques 
1.4.1. X-ray Diffraction 
 X-ray diffraction (XRD) is used to identify phases in the sample, as well 
as revealing crystallographic information. Since the wavelength of X-rays is 
comparable to the interatomic spacing of materials, diffraction will happen when 
the incident X-ray beam hits the sample, and scattered X-rays are collected by the 
detector. For crystalline samples, because of the presence of long range order, 
diffracted X-rays interfere constructively and the signals are shown as peaks in 
the XRD pattern. In amorphous materials, X-rays are randomly scattered due to 
the lack of long range order, and therefore only a very broad peak is obtained 
(amorphous halo). All XRD analyses in this work were performed using a 
PANalytical X’Pert Pro high resolution X-ray diffractometer. The X-ray used was 
CuKα radiation. Sample powders were held by a zero background substrate. Each 
scan started from 5° and ended at 90° (2θ), with a step size of 0.006° and time per 
step of 0.1 s. 
1.4.2. Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) is a commonly used technique for 
examining a sample’s morphology. In an SEM machine, a high tension electron 
beam is focused onto the sample and scans across it. As the incident electrons 
interact with the sample, secondary electrons and back-scattered electrons are 
generated. These electrons are collected to image the sample. The SEM facility 
used in this work is an XL30 Environmental FEG, which is also equipped with 
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the EDAX system, capable of doing energy-dispersive X-ray spectroscopy (EDS). 
Electrons on the inner shell of an atom are excited by the incident beam and 
ejected, then electrons from a higher energy shell fall back to fill the vacancies 
and emit X-rays at the same time. The energy of the X-rays is equal to the 
difference in energy between the two shells. Because the energy of each shell is 
quantized and different for each element, the emitted X-rays are called 
“characteristic X-rays” and can be used for elemental identification and 
compositional analysis. SEM specimens were prepared using a dispersion method. 
Sample powders were dispersed in isopropanol through sonication.  Droplets of 
the resulting suspension were then pipetted onto a small piece of silicon wafer 
until the isopropanol was evaporated. 
1.4.3. Transmission Electron Microscopy 
 Just as stated by its name, transmission electron microscopy (TEM) 
collects transmitted electrons, rather than reflected or secondary electrons, to 
obtain information. Since high energy electrons have very short wavelengths, they 
can also form diffraction patterns as they pass through the sample materials, apart 
from high resolution imaging. Its resolving power can enable us to look directly at 
crystallographic planes and lattice fringes, which is not achievable in SEM. 
Therefore, this feature is very helpful in identifying crystalline and amorphous 
regions. In this work, a Philips CM200-FEG TEM was used. 
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1.4.4. Inductively Coupled Plasma Optical Emission Spectrometry 
 Due to the fact that lithium is transparent to EDS, i.e. the characteristic X-
rays of light elements are blocked by the beryllium window protecting the 
detector, a different technique is needed to measure the amount of lithium in the 
sample. The technique we chose was the inductively coupled plasma optical 
emission spectrometry (ICP-OES). Samples are dissolved in acid and digested 
using microwaves to form a homogeneous solution. Droplets of solution are 
vaporized by the plasma in the machine, releasing solute atoms from them. These 
atoms are ionized to an excited state, emitting photons of characteristic 
wavelengths, which are then collected and measured to identify each elemental 
species. The number of photons is proportional to the amount of corresponding 
elements contained in the sample. This technique has very high sensitivity and 
hence is ideal for quantitative analysis. The ICP-OES equipment used in this work 
is a Themo iCAP6300 and is typically capable for measurements to the sub-ppb 
(µg/L) level. 
 
2. Experimental 
All chemicals were purchased from commercial sources and were used 
without further purification. De-ionized (DI) water was used in all experiments. 
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2.1. Synthesis of Lithium Niobate 
 The synthesis of amorphous LiNbO3 nanowires was a two-step process. In 
the first step, a complex precursor with chemical formula 
(NH4)3[NbO(C2O4)3]∙H2O was made through evaporation
32
. 3 g of oxalic acid 
(H2C2O4∙2H2O) and 2.74 g of (NH4)2C2O4∙H2O were dissolved in approximately 
200 mL of DI water. 1 g of niobic acid powder was then added into the solution 
and the mixture was stirred for 2 h at 80 °C. After all powders were dissolved, the 
solution was heated at 200 °C for evaporation. Heating stopped when about 5 mL 
was left. Then as the solution continued to evaporate and cooled to room 
temperature, the complex started to precipitate out, forming bundles of white 
needles. 
 For the second step, 1 g of the complex and 0.1134 g of LiOH∙H2O were 
added into 25 mL of trioctylamine, which is a structure-directing solvent
33
. The 
mixture was heated in a set of reflux apparatus at about 340 °C for 2.5 h using 
sand bath. The resulting suspension was then vacuum-filtered and washed with 
acetone and DI water. The precipitate was collected and dried at 80 °C overnight. 
 Some reflux product was transferred into an alumina crucible, covered by 
two alumina slabs and placed into a tube furnace (Thermo Scientific 
Lindberg/Blue M Mini-Mite). The sample was annealed at 500 °C for 5 h in air 
which was well below the melting point of LiNbO3 of approximately 1250 °C.  
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 XRD was performed on the product to examine the crystallinity before 
and after heat treatment, as well as to confirm the existence of LiNbO3. The 
morphology of the sample was checked using SEM. 
2.2. Synthesis of Lithium Lanthanum Titanate 
2.2.1. Solid State Synthesis 
 Following Inaguma et al.’s procedures, 0.8 g of anatase TiO2 was mixed 
with 1.63 g of La2O3 and 0.4 g of Li2CO3 (molar ratio Ti:La:Li = 2:1:1). The 
mixture was ground using a mortar and pestle and then calcined in air at 800 °C 
for 4 h, and 1100 °C for 12 h twice.
14 
The resulting powder was collected after it 
was cooled down. 
 Since our goal is to synthesize LLTO nanowires, for some experiments we 
substituted anatase TiO2 with TiO2 nanowires in the precursors. In order to 
investigate the effects of reaction conditions, the control experiment was exactly 
the same as the anatase run. For the second run with reduced temperature, the heat 
treatment sequence was: 800 °C for 4 h, 800 °C for 12 h and 900 °C for 12 h. In 
the third run, the temperature was further reduced to 700 °C and the total firing 
time was 24 h. In the fourth run, the mixture was fired at 1100 °C for only once 
instead of twice. 
 XRD was used to characterize the final products. SEM was used to look at 
sample morphology. 
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2.2.2. Hydrothermal Synthesis 
 The hydrothermal route is a modified method after Yadav et al. that 
involves the reaction of precursors in a basic environment (KOH)
31
. In their 
method, however, the concentration of KOH was only about 1.16 M, which was 
much lower than what we had been using for hydrothermal syntheses of other 
nanowires. Therefore, we decided to run another set of experiments with higher 
KOH concentrations. 
2.2.2.1. Low KOH Concentration 
 In a typical synthesis, 0.67 g of KOH was dissolved into 10 mL of DI 
water in a hydrothermal vessel, forming a basic solution. Then 0.0128 g of LiNO3, 
0.1362 g of La(NO3)3∙6H2O and 0.0458 g of K2Ti8O17 nanowires were added into 
the solution and the vessel was heated at 200 °C for 24 h. The solid product was 
filtered and washed with DI water, then dried at 80 °C overnight. 
2.2.2.2. High KOH Concentration 
 In the first trial, the basic environment was made up using 6.8 g of KOH 
and 24 mL of DI water. The other reactants included 0.0256 g of LiNO3, 0.2724 g 
of La(NO3)3∙6H2O and 0.0916 g of K2Ti8O17 nanowires. The reaction was kept 
under 200 °C for 24 h. Resulting precipitates were filtered and washed with DI 
water and then dried at 80 °C overnight. Precipitates were processed in the same 
way for all experiments. 
 Two other concentrations of KOH were used: 7.9 M (6.8 g of KOH in 12 
mL of DI water) and 10.7 M (10.2 g of KOH in 12 mL of DI water). LiNO3, 
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La(NO3)3∙6H2O and K2Ti8O17 nanowires  with the same amounts were then added 
and the vessel heated at 200 °C for 24 h. In some experiments, in order to study 
the effects of each reagent, we intentionally removed one or more of them. 
Anatase TiO2, both nanopowders and nanowires, were also used in some 
experiments in lieu of K2Ti8O17 to study formation mechanism. The KOH 
concentration used in these syntheses was 4.4 M. In some other experiments, 
La(NO3)3∙6H2O were used along with 4.4 M KOH only to obtain La(OH)3 
nanowires as the La precursor first. Then they were mixed separately with 
K2Ti8O17 nanowires, TiO2 nanowires and nanopowders, all in 4.4M KOH, and 
underwent the same hydrothermal reaction and filtering procedures. The 
simplified synthesis protocols can be viewed in Figure 1. 
 XRD was used for obtaining phase identification and structural 
information. Sample morphology was examined by SEM and EDS was used to 
carry out compositional analysis. Additionally, the amount of Li, K, La and Ti 
were measured by ICP-OES. TEM was employed to further study the 
crystallography of individual nanowires. 
15 
 
 
Figure 1. Schematic of synthesis combinations 
 
3. Results and Discussion 
3.1. Lithium Niobate Nanowires 
The large amorphous halo in the XRD pattern indicates the as-synthesized 
product is low in crystallinity (Figure 2). Annealing of the as-synthesized product 
resulted in diffraction peaks corresponding to crystalline LiNbO3, suggesting that 
the as-synthesized product was amorphous LiNbO3. (Figure 3). Unfortunately we 
were not able to match all the peaks from side products with the database and 
identify the materials, but they could be due to organic byproducts such as lithium 
oxalate. 
4.4 M KOH 
• K2Ti8O17 + La
3+ + Li+ 
• K2Ti8O17 + Li
+ 
• K2Ti8O17 + La
3+ 
• K2Ti8O17 + La(OH)3 
• K2Ti8O17 only 
• TiO2 nanowires + La
3+ 
• TiO2 nanowires + La(OH)3 
• TiO2 nanopowders + La
3+ 
• TiO2 nanopowders + La(OH)3 
7.9 M KOH 
• K2Ti8O17 + La
3+ + Li+ 
• K2Ti8O17 + La
3+ 
10.7 M KOH • K2Ti8O17 + La
3+ + Li+ 
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Figure 2. XRD pattern of the as-synthesized product, mostly amorphous 
 
Figure 3. XRD pattern showing the presence of LiNbO3 (blue lines) after 
annealing 
In SEM, nanowires can be seen in unannealed sample. In the annealed 
sample, nanowire morphology was preserved. We found it difficult to separate the 
nanowires from the side products. Even annealing could not remove the majority 
of them. 
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Figure 4. SEM image of amorphous LiNbO3 nanowires 
 
Figure 5. SEM image of annealed LiNbO3 nanowires 
 
3.2. Lithium Lanthanum Titanate 
3.2.1. Solid State from Powders 
The XRD pattern shows almost complete conversion from the precursors 
to LLTO, with some peaks from unreacted precursors. Since the tube furnace in 
our lab cannot go beyond 1100 °C, rather than 1350 °C used in literature, we 
attribute the unconverted precursors to low temperature. 
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Figure 6. XRD result confirmed the formation of LLTO (blue lines) 
 
3.2.2. Solid State from Nanowires 
 As can be seen from the XRD data, a significant amount of LLTO formed 
along with some side products (Figure 7). However, by looking at the SEM 
images, it is clear that nanowire morphology was not maintained (Figure 8). The 
large particle size indicates that the firing temperature might have been too high, 
so the sintering process had enough energy to take place. Sintering is a 
mechanism during which ceramic particles coalesce and form a more dense mass 
at elevated temperature but below melting point. Particles merge and turning 
pores into grain boundaries. The driving force is the reduction of total surface area 
since grain boundary energies are lower than surface energies
34
. A lower 
temperature was used in the second run. This time, neither was the nanowire 
morphology retained, nor did the reaction go in the right direction. XRD result 
shows that the majority of the products is a mixture of lanthanum oxide and 
lithium titanates (Figure 9). Even with a further reduced temperature and much 
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longer reaction time, the desired product could not be obtained. This is because 
that the reaction requires a certain amount of activation energy, i.e. a high enough 
temperature, to overcome the energy barrier. At the same time, the temperature 
has to be as low as possible in order to maintain the nanowire morphology. 
 
Figure 7. XRD pattern showing the formation of LLTO (blue lines) from 
nanowire precursor 
 
Figure 8. SEM image showing the nanowire morphology is no more in the 
solid state product 
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Figure 9. XRD pattern showing La2O3 (blue lines) and LiTi2O4 (green 
lines) in the solid state product with reduced temperature 
   
3.2.3. Hydrothermal Synthesis 
3.2.3.1. Low KOH Concentration 
After the initial reaction, XRD revealed that La(OH)3 was present in the 
product. Some groups used these precursors to make La(OH)3 nanowires
35-37
. 
Since La(OH)3 is insoluble in water, we used about 50 mL of 0.1 M HCl to wash 
the powder in order to get rid of them. The powder was then rinsed with DI water 
and dried at 80 °C overnight. Subsequent XRD confirmed that all peaks 
corresponding to La(OH)3 were gone. The resulting pattern was compared with 
the XRD database for matching. The best fit was a substance with the chemical 
formula H2La2Ti3O10. ICP did not find lithium in the sample either, and the ratio 
of La:Ti ≈ 1:1.66, which had approximately 10% more Ti than suggested by XRD 
(1:1.5). SEM examination confirmed the sample had a nanowire morphology. 
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Figure 10. XRD pattern before acid washing showing the existence of 
La(OH)3 (blue lines) 
 
Figure 11. XRD pattern after acid washing, blue lines are H2La2Ti3O10 
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Figure 12. SEM image of nanowires synthesized by hydrothermal reaction 
 
3.2.3.2. High KOH Concentration 
XRD shows that La(OH)3 was still contained in the hydrothermal product. 
It was also removed by acid washing and the resulting pattern matched well with 
K0.469La0.531TiO3 (KLTO) (Figure 13). ICP confirmed the absence of Li and the 
measured ratio of K:La:Ti was approximately 0.487:0.759:1. Composition 
obtained through EDS was about K0.416La0.586TiO3.309. These results are in 
reasonably good agreement with each other considering experimental errors. It 
should also be noted that since there was only a few entries of potassium 
lanthanum titanates in the XRD database, the matching was not perfect and the 
actual composition might be slightly different. It also suggests that the lattice may 
be strained, which caused a shift of the peaks relative to the reference pattern. 
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Figure 13. XRD pattern of the product using 4.4 M KOH environment. 
Blue lines: K0.469La0.531TiO3 
 
 Although we still did not succeed in making LLTO, we observed a very 
peculiar structure of the nanowire morphology through SEM – the hyperbranched 
structure. As can be seen from the images, nanowires are arranged in an orderly 
fashion. They are assembled layer by layer and having fixed orientations. Such 
highly organized structure suggests that they grew along certain crystallographic 
directions. 
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Figure 14. SEM image showing hyperbranched nanowire structure 
 
Figure 15. SEM image showing hyperbranched nanowire structure 
 
When the 7.9 M KOH environment was used, things became more 
interesting. As can be seen from the SEM images of an acid washed sample, there 
are three predominant morphologies: hyperbranched nanowire clusters, big or 
small; long and randomly oriented nanowires; and rods with relatively large 
diameters (Figure 16). XRD pattern shows that, like the syntheses with 4.4 M 
KOH, La(OH)3 and K0.469La0.531TiO3 are still the only two crystalline products 
present in all these experiments. EDS on the particles gives similar composition 
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as that of the fully branched ones, suggesting that these are growing 
hyperbranches. It appeared that the growth of hyperbranches was somewhat 
inhibited during the reaction. The nanorods and free nanowires only had La and O 
signals from them so we believe they are La(OH)3. Nevertheless, it was to our 
surprise that La(OH)3 did not disappear after acid washing. It is unclear that why 
La(OH)3 did not dissolve in acid. It could be due to insufficient acid or the pH of 
acid was not low enough since the amount of La(OH)3 was huge compared to 
products with lower concentrations. Further investigation is needed to look into 
this issue. 
 
Figure 16. SEM image showing hyperbranched clusters along with 
La(OH)3 nanowires 
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Figure 17. SEM image showing clusters of hyperbranched nanowires 
 
Figure 18. SEM image showing a large site of growing hyperbranched 
nanowires 
 
 As the concentration of KOH was increased to 10.7 M, it appeared that the 
growth of hyperbranches was further inhibited, while more rods grew to larger 
diameters (Figure 19). Also thanks to this suppression, we had the opportunity to 
witness the possible growing steps of hyperbranches on a very large scale, which 
may provide us with valuable information about the growing mechanism. Images 
with higher magnifications show us that the surface of those particles is not 
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smooth – some have textures and some are “fluffy”. These textures, instead of 
being random, display a very similar pattern to that of the hyperbranches (Figure 
20). The fluffy ones are actually “core particles” with the hyperbranched 
nanowires already grown out, which is also evident from the TEM image (Figure 
21, Figure 22). Figure 23 is a side by side comparison of a textured core and a 
branching core. Longer nanowires growing on the cores can be clearly seen in 
Figure 24. In Figure 25, we can see a core particle with two branching sites, 
which appears to be from two smaller cores merging. If this is true, then the huge 
hyperbranched clusters can be deemed as the aggregate of small core particles 
(Figure 26-Figure 28). 
 
Figure 19. A representative low magnification SEM image of the 10.7 M 
KOH product 
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Figure 20. SEM image showing textures on the particles 
 
Figure 21. SEM image of a "fluffy" particle with hyperbranched 
nanowires growing out of it 
 
Figure 22. TEM image showing the growing nanowires from a core 
particle 
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Figure 23. SEM image showing a textured particle side by side with a 
"fluffy" particle 
 
Figure 24. SEM image showing long nanowires growing from the cores 
 
Figure 25. Two merging cores can be seen in the SEM image 
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Figure 26. SEM image showing grown clusters along with ungrown cores 
 
Figure 27. SEM image showing growing cores and clusters merging to 
form bigger aggregates 
 
Figure 28. SEM image showing merging cores and clusters 
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A feature that is common to all experiments is that the hyperbranched 
clusters form, or tend to form octahedral shapes. For example, a lot of jack-like 
hexapod clusters can be found throughout the specimen (Figure 15), the three 
branches of which are essentially the three body diagonals of an octahedron, as 
highlighted in Figure 29. An intuitive thought tells us that this must be related to 
the crystal structure of the nanowires. Also, some competing growth appeared to 
exist between the “main” branches and “side” branches. When the main branches 
won the competition, jack-like hexapod structure formed. But if the side branches 
were victorious, the clusters became complete octahedra. In the future, it is 
desirable to discover the governing growth factors so that the morphology can be 
under control. The proposed growing steps can be visualized by Figure 30. 
 
Figure 29. Three different colors indicating the three diagonals of an 
octahedron. 
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Figure 30. Schematic of the proposed growing steps 
 
Closer TEM examinations of the branching nanowires also revealed more 
interesting results. In Figure 31, it can be seen that the lattice fringes are 
uninterrupted throughout, from the main branch to the twigs, with no 
discontinuities at the branching interfaces. In other words, this suggests that the 
nanowires are single crystalline in nature, and the side branches grew directly 
from the main branch. 
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Figure 31. TEM image showing the lattice fringes extend from the main 
branch to the side branch without discontinuities. 
 
Lattice fringe measurements were done using the fast Fourier transform 
method. The lattice fringe spacing in Figure 32 was measured to be approximately 
2.76 Å, which can be assigned to the (110) planes of the K0.469La0.531TiO3 crystal 
(2.7627 Å in the database). In Figure 33, the measured spacing of the lattice 
fringes along the long axis of the nanowire was about 3.91 Å. This is also in 
excellent agreement with the spacing of the (100) planes of 3.907 Å in the 
database. 
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Figure 32. TEM image of lattice fringe measurement 
 
Figure 33. TEM image of lattice fringe measurement 
 
 When anatase TiO2 nanopowders and nanowires were used as the 
precursor in lieu of K2Ti8O17, the reactions carried out and formed very similar 
products (Figure 34). SEM images confirmed the presence of hyperbranches 
(Figure 35, Figure 36). This result can be supported by Joshi & Lee’s proposition 
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that TiO2 particles act as the seeds where crystal growth happens
28
. It also 
suggests that the precursor does not necessarily have to be K2Ti8O17 nanowires, 
since it is very likely that K2Ti8O17 would dissolve in the first place and release 
TiO2 particles. La
3+
 and K
+
 ions then diffused into the particles and nanowires 
started to grow from the surfaces outward. A high enough KOH concentration 
promoted the branching process along certain preferential crystallographic 
directions. As the hyperbranched structure continued to grow, they took materials 
from the cores so the latter became smaller and eventually vanished. Also the 
particles underwent the Ostwald ripening mechanism so small particles merged to 
form bigger ones. 
 
Figure 34. Combined XRD patterns comparing hydrothermal products 
from different titanate precursors. Red: K2Ti8O17 Blue: anatase TiO2 
nanowires Green: anatase TiO2 nanopowders. 
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Figure 35. SEM image showing hyperbranched structures in the 
hydrothermal products (anatase TiO2 nanowires precursor). 
 
Figure 36. SEM image showing hyperbranched structures in the 
hydrothermal products (anatase TiO2 nanopowders precursor). 
 
In order to further verify our hypothesis, we synthesized La(OH)3 
nanowires and nanorods first and then used them as the La precursor to react with 
all those three materials. SEM results confirmed that there was no hyperbranched 
structures can be observed (Figure 37, Figure 38). In fact, this result can be 
expected since there were virtually no La
3+
 ions in the solution due to the 
insolubility of La(OH)3. 
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Figure 37. SEM image of pre-synthesized La(OH)3 
 
Figure 38. SEM image showing La(OH)3 unreacted in the final product, 
no hyperbranches can be seen 
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The results of all experiments can be summarized by a schematic below: 
 
Figure 39. Schematic showing the results of different combinations 
 
Gathering information collected from all these experiments, we can 
conclude that there exists a critical KOH concentration under which 
hyperbranched structures cannot form. A high KOH concentration (above critical) 
is needed to dissolve titanate precursor, and to promote anisotropic growth of the 
nanowires. On the other hand, however, higher KOH concentration means more 
La(OH)3 will precipitate, reducing the amount of available La
3+
 ions in the 
solution, hence limiting the length of hyperbranched nanowires. This is why we 
see a lot of underdeveloped “fluffy” balls – they did not have sufficient materials 
to grow and form octahedra. Therefore, there is also an optimal KOH 
concentration which can provide a balance between OH
-
 ions and La
3+
 ions. 
To the best of our knowledge, there have not been any reports on the 
synthesis of hyperbranched perovskite nanowires through hydrothermal route. 
Among the most commonly used growth techniques, chemical vapor deposition 
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(CVD) method is widely applied since the feed rate, reaction locations (seeds), 
substrate crystallography etc. can be precisely controlled
38-41
. By selecting a 
proper catalyst, nanowires can grow into a hierarchical hyperbranched structure 
from seeds. In terms of hydrothermal synthesis, Shi et al. reported a very similar 
morphology of Cu2O nanowires grown from an acid environment
42
. Zhu et al. 
synthesized PbSe nanowires with similar branching and octahedral shape
43
. 
Interestingly, the space group of both materials belong to the cubic system and 
have octahedral symmetry (Cu2O:    ̅ ; PbSe:    ̅ ), and both types of 
nanowires grow along the <100> directions. BaTiO3 is another perovskite 
material and its cubic phase have been made into nanosized dendritic structures 
using hydrothermal synthesis
26,44
. Comparing with our method, we believe that by 
optimizing reaction conditions and using appropriate precursors, these dendritic 
structures can be improved to become hyperbranched nanowires. A conclusion 
may be drawn that materials with cubic crystal lattice are potentially capable of 
growing into hyperbranched structures. Based on that, since SrTiO3 and some 
LLTOs are cubic, they are also promising for such structures. However, other 
crystal systems such as hexagonal
45
 and rhombohedral
46
, are reported to display 
hyperbranched structures as well. Even crystals with low symmetry like 
monoclinic can grow into hyperbranches
47
. This implies that hyperbranched 
structures of other non-cubic materials are not impossible. From an energetic 
point of view, hyperbranched nanowires should grow along high energy 
directions onto which free atoms can easily associate. On the other hand, the 
opposite can also happen if diffusion is the rate-limiting step, so the process is 
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governed by the kinetics of reactions. The actual growth mechanism is still 
unclear. In the future, more experiments need to be done in order to understand 
the driving force of the formation of hyperbranches. 
Peidong Yang’s group did something which is the opposite of crystal 
growth: they selectively etched silver octahedral nanoparticles to form what they 
called “octapods”48 (Figure 40). The etchant etched (100) faces preferentially, 
removing all the vertices of the octahedron and the eight faces became eight feet. 
This might not have much relation to our synthesis which is a growth process, but 
it suggests that a certain concentration of OH- ions may also preferentially 
promote the growth along some crystallographic directions. 
 
Figure 40. Silver nanoparticle etching process (Adapted from reference 48) 
 
Nevertheless, no matter etched or grown, all these papers demonstrated 
improved material properties of nanoparticles with complex architectures. For 
instance, in solar cells, nanowires can absorb incident light along the axial axes, 
maximizing absorption. At the same time, the radial axes act as short pathways 
(usually about tens of nanometers) for charge separation, greatly reducing the 
number of recombination events. With a hyperbranched structure, branching can 
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increase light scattering so less light would be wasted – just like trees in the 
nature have branches to receive as much light as possible
49
. It is therefore not 
unreasonable to envision that hyperbranched perovskite nanowires would also 
have better performance over the bulk nanowires. Perovskite structure is a well-
studied family of crystals that a lot of interesting and useful properties. We 
believe that by turning them into hyperbranched nanowires, much more exciting 
phenomena can be observed, leading to broader applications. In terms of ion 
conduction, hyperbranched nanowires are ordered structure, so ions can move 
along the nanowires without being scattered. Comparing with randomly oriented 
nanowires, the highly directional pathways of hyperbranches may be more 
efficient, shortening the time taken for ions to travel between the two electrodes, 
and hence to provide higher conductivity. Moreover, if hyperbranched solid 
electrolytes were made, their three-dimensional (3D) architecture may enable 
them to be incorporated into 3D lithium-ion batteries. Challenges are also easily 
foreseen at this stage, however. Considering the hyperbranched clusters, since 
some properties may depend on their 3D architecture, it is important that this 
structure is to be preserved. Furthermore, if we want all the nanowires to 
participate in conduction, the design of battery can be complicated by preventing 
short circuits within branches. Further study is still needed in order to address 
these issues. 
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4. Future Work 
 Although we have successfully reproduced the synthesis of amorphous 
LiNbO3 nanowires through a reflux method, we found that non-uniform heating 
during reflux can reduce the reproducibility of experiments. For the next step, a 
microwave synthesizer will be utilized to aid the reflux process. Apart from 
uniform and fast heating, this equipment can provide us with precisely controlled 
timing, which will allow us to look into how the reaction proceeds. We will also 
need to look for a way of extracting the nanowires from the products, while 
maintaining the morphology and amorphousness. 
 As for the synthesis of LLTO, we have not yet attempted running ion 
exchange of intermediate product and the sol-gel route. We will conduct solid 
state ion exchange on our synthesized KLTO to see if K
+
 ions can be substituted 
by Li
+
 ions while keeping the nanowire morphology. Additionally, sol-gel route is 
a well-established method for making 1D nanostructures using a template with 
cylindrical pores. It can also be used to coat nanowires with thin coatings of 
desired thickness
50,51
. We will use it to synthesized LiNbO3 nanowires with core-
shell configuration. 
 In regards to hydrothermal synthesis, we have not yet fully investigated 
how KOH and La
3+
 ion concentration can substantially affect the composition and 
morphology of the final product. The effects of reaction time and temperature 
have not been considered either. An appropriate ratio of OH
-
 and La
3+
 ion is 
favorable for the formation of hyperbranched nanowires, and we think more 
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reaction time would give longer and finer nanowires provided there are enough 
precursor materials. A critical temperature may help one reaction to overcome the 
energy barrier while preventing another reaction from happening. We expect that 
there is an optimal combination of all these factors in order to produce the longest 
nanowires and biggest hyperbranched structures. Further experiments are needed 
in order to confirm or disprove these conjectures. We will use TEM to examine 
the hyperbranched nanowires again to generate electron diffraction patterns in 
order to fully understand the crystallography and growth mechanism. The 
nanorods in the product will also be looked at to find the reason why they did not 
dissolve in acid. 
 As we enter the second phase of this project, synthesized materials will be 
pressed into pellets and measured of their ionic conductivities. Electrochemical 
impedance spectroscopy (EIS) technique will be used to perform the 
measurements. EIS applies a weak sinusoidal potential across the pellet and 
sweeps through a large range of frequencies.  Since different conduction 
mechanisms (e.g. intergranular, intragranular and electrode) respond to the 
excitation in different ways, the contribution of each mechanism can be 
distinguished and calculated. 
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5. Conclusions 
 To sum up, we successfully reproduced the synthesis of amorphous 
LiNbO3 nanowires through a reflux method. The composition of LLTO from solid 
state reaction was in good agreement with the literature, but the nanowire 
morphology could not be maintained when nanowires were used as a precursor. 
Although the hydrothermal route did not produce LLTO as expected, we 
discovered for the first time a hyperbranched structure of potassium lanthanum 
titanate nanowires, without using any catalyst or substrate. The hyperbranched 
nanowires were found to be single crystalline growing along {100} 
crystallographic planes. Our proposed growth mechanism is that the process was 
governed by nucleation and growth. Titanate precursor particles served as the site 
of nucleation and the formation of hyperbranched nanowires was induced by the 
high concentration of OH
-
 ions. However, since high OH
-
 content is also 
favorable for La(OH)3 to precipitate, a balance between the concentration of La
3+
 
and OH
-
 ions is desirable. This growth mechanism of hyperbranched nanowires 
may have the potential to be applicable to other perovskite materials such as 
lithium lanthanum titanate. 
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